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Hanna I. Campen , Damian L. Arévalo-Martı́nez, Yuri Artioli,
Ian J. Brown, Vassilis Kitidis, Gennadi Lessin, Andrew P. Rees,
Hermann W. Bange
Received: 27 April 2021 / Revised: 3 August 2021 / Accepted: 3 August 2021
Abstract Dimethyl sulphide (DMS) and carbon monoxide
(CO) are climate-relevant trace gases that play key roles in
the radiative budget of the Arctic atmosphere. Under global
warming, Arctic sea ice retreats at an unprecedented rate,
altering light penetration and biological communities, and
potentially affect DMS and CO cycling in the Arctic
Ocean. This could have socio-economic implications in
and beyond the Arctic region. However, little is known
about CO production pathways and emissions in this region
and the future development of DMS and CO cycling. Here
we summarize the current understanding and assess
potential future changes of DMS and CO cycling in
relation to changes in sea ice coverage, light penetration,
bacterial and microalgal communities, pH and physical
properties. We suggest that production of DMS and CO
might increase with ice melting, increasing light
availability and shifting phytoplankton community.
Among others, policy measures should facilitate large-
scale process studies, coordinated long term observations
and modelling efforts to improve our current understanding
of the cycling and emissions of DMS and CO in the Arctic
Ocean and of global consequences.
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INTRODUCTION
The Arctic Ocean plays a central role in global
climate dynamics
The Arctic ice cover substantially contributes to the plan-
etary albedo (Thackeray and Hall 2019). Sea ice plays a
key role in global biogeochemical cycles. It is a permeable
interface for various exchange processes (Loose et al.
2011), including the sea-air exchange of the climate-rele-
vant gases dimethyl sulphide (DMS) and carbon monoxide
(CO); and provides an ecosystem for microbial communi-
ties involved in the biogeochemical cycling of these
compounds (e.g. Xie et al. 2009; Vancoppenolle et al.
2013; Damm et al. 2016). Ongoing global warming due to
man-made greenhouse gas emissions lowered the snow and
sea ice coverage thereby decreasing albedo, thus further
accelerating warming as part of a process called Arctic
amplification (Box et al. 2019). This has cascading effects
on atmospheric and biophysical processes in the ocean and
on land which drives environmental conditions towards an
unprecedented state of the Arctic (Box et al. 2019). As the
Arctic is integral to the global (climate) system, any
changes to environmental conditions have consequences
within and beyond the Arctic region affecting climate,
communities and economy (e.g. Cohen et al. 2020), where
arising economic costs most probably outweigh potential
benefits (Alvarez et al. 2020). DMS and CO are chemically
reactive in the atmosphere and therefore have the potential
to counterbalance or enhance the ongoing changes,
depending on the direction of change in their production
and loss terms. It is thus pivotal to understand the inter-
action between ongoing changes and the biochemical
cycling of DMS and CO in the Arctic Ocean.
The rapid sea ice loss and permafrost thawing manifests
climate change in the Arctic Ocean. It indicates an over-
arching transition of the Arctic environment since it initi-
ates the modification of numerous biogeochemical
processes with far-reaching consequences.
Sea ice decreases rapidly with the largest loss observed
in summer (September): 12.8 ± 2.3% ice cover has been
lost per decade relative to the 1981–2010 mean, which is
equal to sea ice loss of 83 000 km2 year-1 (IPCC 2019).




Enhanced erosion, increased rainfall and greater riverine
inputs due to permafrost thawing will flush more and dif-
ferent terrestrial material into the Arctic Ocean (e.g.
Stedmon et al. 2011; Box et al. 2019). First-year ice will
dominate over multi-year ice and the number of melting
ponds, ice-edges and open-ocean like areas will increase
(e.g. Meier et al. 2014; Kwok 2018). Ice melting increases
the freshwater inputs, which leads to increasing stratifica-
tion, possibly limiting nutrient remineralisation depending
on the region (Lannuzel et al. 2020), and affecting nutrient
and trace metal input (e.g. Hopwood et al. 2018).
Light availability and penetration at the ocean surface
will increase due to ice loss and the overall decreasing
albedo (Pistone et al. 2014). It stimulates an earlier onset of
spring blooms and likely regular autumn blooms due to
regionally later freeze-up, potentially increasing primary
productivity of ice-algae and pelagic phytoplankton (Ar-
dyna and Arrigo 2020).
That, in turn, has multiple consequences for phyto-
plankton community structure and production (Ardyna and
Arrigo 2020). Because of more open-ocean like areas,
phytoplankton and bacterial communities are likely to
shift. With shrinking multiyear ice the overwintering
habitat of sympagic algae will be lost, which will decrease
microalgal diversity favouring pelagic or cryo-pelagic
species, such as Phaeocystis sp. and flagellates (e.g. Lan-
nuzel et al. 2020). The increase of melt pond coverage
might support the development of dense algal colonies, e.g.
formed by the under-ice pelagic diatom Melosira arctica
(Assmy et al. 2017). With regional and seasonal hetero-
geneity, primary productivity is predicted to generally
increase in both sea ice and seawater in the Arctic, being
possibly constrained by nutrient availability (Vancop-
penolle et al. 2013). However, between 2012 and 2018
chlorophyll a concentration in Arctic Ocean surface waters
increased 16 times faster than before, suggesting an
increased primary production sustained by an additional
input of nutrients due to sea ice melt, mixing at shelf breaks
or advection from lower latitudes (Ardyna and Arrigo
2020).
Changes in bacterial communities are also likely and
closely linked to seasonal ice melting and changes in pri-
mary productivity. Thus, heterotrophic activity is likely to
increase as it is mostly driven by primary productivity
(Lannuzel et al. 2020). The SAR11 clade (Pelagibacterales)
is the most abundant and ubiquitous clade of the bacterial
communities worldwide, yet its variation differs among
habitats in the Arctic Ocean (Han et al. 2014). In the
Chukchi Sea, for example, a few bacterial groups, includ-
ing species belonging to Roseobacter (Malmstrom et al.
2007), dominate community composition and biomass
production. For the abundance, production, species com-
position and activity of under-ice bacterioplankton and
bacteria in general, dissolved organic matter (DOM)—
often released by pulses of seasonal melting first year ice—
is probably a dominant factor (Underwood et al. 2019).
Indeed, Jackowski et al. (2020) found that dissolved
organic carbon (DOC) was the dominant factor for bacte-
rial production. Moreover, phytoplankton community
composition also affects availability and characteristics of
DOM and semi-labile dissolved organic carbon, favouring
certain bacterial strains (Tisserand et al. 2020). However,
DOM and DOC bioavailability decreases strongly from
summer to autumn (Jackowski et al. 2020) making it sen-
sitive to climate change-related impacts on Arctic
seasonality.
Ocean acidification significantly affects high latitude
and Arctic waters. These regions are sensitive to ocean
acidification having naturally high concentrations of dis-
solved inorganic carbon and low alkalinity concentrations,
which has far reaching consequences on phytoplankton and
bacterial communities (Amundsen et al. 2013; Terhaar
et al. 2020). Sea ice melting and permafrost thawing could
even enhance ocean acidification by increasing river and
glacial runoff and enhancing terrestrial organic carbon
loading (Semiletov et al. 2016). Model results suggest that
the pH in the surface waters of the Arctic Ocean could
decrease by about 0.45 by the end of this century (Terhaar
et al. 2020), although the decrease in pH might show a high
regional heterogeneity.
Gas fluxes between ocean and atmosphere may be
altered and enhanced by sea ice loss. In particular, less ice
implies a stronger transfer of energy from wind to the
ocean, with more waves, turbulence, mixing, and increased
sea ice mobility, which, in turn, will enhance the air-sea
gas exchange (e.g. Meneghello et al. 2018).
DMS and CO play important roles in atmospheric
chemistry and climate
Figure 1 shows schematically their key processes and
fluxes in the Arctic Ocean. DMS has the potential to
counteract warming by increasing the regional albedo.
DMS, as the precursor of sulphate aerosols, affects the
concentration of cloud condensation nuclei (CCN), which
in turn increases the formation of clouds, thus the Earth’s
albedo, and potentially cools the atmosphere (e.g. Charlson
et al. 1987; Korhonen et al. 2008; Park et al. 2021). This
DMS-driven ocean–atmosphere interaction could counter-
act the decreasing albedo in the Arctic, which could be
particularly important in summer when the aerosol burden
is low (Mungall et al. 2016).
Furthermore, DMS plays a role in the oxidation path-
ways of climate-relevant gases. These include isoprene,
ammonia and organohalogens (Hopkins et al. 2020), as
well as the potent greenhouse gas methane which, like
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DMS, can be microbially produced from di-methyl-sul-
phonio-propionate (DMSP) depending on environmental
conditions in the Arctic Ocean (Damm et al. 2015).
DMS occurs globally in association with phytoplankton
in surface waters, whereby biologically productive waters
around the Arctic pack ice represent a strong DMS source
(Levasseur 2013). DMS is produced by the enzymatic
DMSP breakdown by heterotrophic bacteria and as a
metabolic product in algae (both, planktonic microalgae
and macroalgae) (e.g. Stefels 2000). In algae, DMSP may
be involved in various cellular processes, such as regula-
tion of the algal carbon and sulphur metabolism via an
overflow mechanism and fulfilling physiological functions
including osmoregulation, cryo-protection, and protection
against oxidative stress (e.g. Stefels 2000; Sunda et al.
2002). Yet, its cellular function is not entirely understood.
Intracellular DMSP concentrations can vary strongly
between major microalgal groups, and thus the distribution
of DMSP and DMS in the ocean depends on microalgae
community composition. Dinoflagellates and prymnesio-
phytes are strong DMS producers, and diatoms are weak
DMS producers (Levasseur 2013). DMS production also
depends on the physiological status of the algae and
environmental stressors such as nutrient limitation and
ultraviolet light (Sunda et al. 2002). If DMSP is released
into the water column, it is by active exudation, autolysis,
viral lysis, and grazing by zooplankton (Stefels et al. 2007).
Pelagic bacteria generally either cleave it, generating DMS,
or metabolise it to other sulphur compounds by demethy-
lating/demethiolating DMSP to methyl-mercaptopropi-
onate, methanethiol or inorganic sulphur (Stefels 2000).
Other major loss processes for oceanic DMS are photo-
chemical oxidation to dimethylsulphoxide (DMSO) and
release to the atmosphere via air-sea gas exchange
(Levasseur 2013). Given the tight connection between the
cycling of marine DMS and microalgae, changes in the
Arctic Ocean phytoplankton community structure, further
warming and decrease in sea ice coverage can therefore
lead to changes in the production and emission of DMS.
Oceanic DMS emissions amount to 17–34 Tg sulphur
(S) year-1, which represents 80–90% of all marine bio-
genic S emissions, and up to 50% of global biogenic S
emissions (Levasseur 2013). Yet, only * 10% of the DMS
produced by plankton finds its way to the atmosphere
(Bates et al. 1994) because the majority of dissolved DMS
is oxidized microbially and photochemically in seawater
(e.g. Levasseur 2013). In the Arctic region, oceanic DMS
emissions could cause a significant cooling effect follow-
ing enhanced CCN formation (Mungall et al. 2016; Hop-
kins et al. 2020; Park et al. 2021; Qu et al. 2021).
CO is an indirect greenhouse gas with a radiative forcing
nearly twice that of carbon dioxide (CO2) on a molecular
Fig. 1 Schematic view of the interactions of DMS and CO production, consumption and emission pathways in a changing Arctic Ocean. The
dashed box marks the processes discussed in this article, comprising interactions in the ocean, ice and atmosphere. Thick arrows outside and
towards the box represent changes in nutrients, salinity or pH due to increased ice melt (left side) and/or increased material input from land (right
side). Those potentially alter ice-associated and pelagic DMS and CO processes and thus emissions in an uncertain way
 The Author(s) 2021
www.kva.se/en 123
Ambio
basis (IPCC 2013). Its presence in the atmosphere triggers
a series of reactions increasing other greenhouse gases such
as CO2, methane and ozone (O3): it reacts with hydroxyl
radicals (OH) to form CO2 and it outcompetes methane in
the reaction with tropospheric OH, prolonging its atmo-
spheric lifetime (Conte et al. 2019). Moreover, CO affects
the ozone concentrations in the troposphere, where O3 acts
as a strong greenhouse gas (Dignon and Hameed 1985).
The lifetime of tropospheric CO is * 2 months (Prather
1996).
Both biological and abiotic processes produce CO in the
surface ocean, whereas microbial uptake, mixing to sub-
surface layers and exchange to the atmosphere represent its
loss terms (Conte et al. 2019). CO is produced photo-
chemically through the reaction of ultraviolet (UV) or blue
light with either coloured dissolved organic matter
(CDOM) (Zafiriou et al. 2008) or, to a lesser extent, par-
ticulate organic matter (POM) (Xie et al. 2009), e.g. from
ice algae (Song and Xie 2017). Dark (thermal) production
and biological production by phytoplankton are additional
small sources (Zhang et al. 2008; Tran et al. 2013).
Microbial uptake is the major sink of CO in marine waters
(Conte et al. 2019), but details of its physiological function
and kinetics are still uncertain. Release to the atmosphere
via air-sea gas exchange represents a minor loss term
(Conte et al. 2019). The photochemical and microbial-
driven sources and sinks of CO could be altered by
warming, increased light penetration because of sea-ice
loss and increase of DOM inputs to the Arctic Ocean.
The ocean’s surface is ubiquitously supersaturated with
CO (Conte et al. 2019). Yet air-sea gas exchange is the
smallest contributor to the atmospheric budget of CO
contributing only * 1% of the natural atmospheric source.
However, there are large uncertainties in the magnitude of
the global marine CO emissions: Recent estimates range
between * 9 Tg CO year-1 and 20 Tg CO year-1 (Conte
et al. 2019; Zheng et al. 2019). To date there are no
regional CO emission estimates from the Arctic Ocean. In
the Arctic Ocean, CO measurements are scarce, especially
within sea ice and at the sea surface microlayer. The few
available studies on CO in the Arctic Ocean report elevated
and highly variable concentrations compared to other
ocean basins (Tran et al. 2013). Studies by Xie et al. (2005)
and Song et al. (2011) found high CO concentrations in
bottom sea ice suggesting a link between CO production
and ice algae blooms.
Changes of the biogeochemical processes described
previously might have substantial consequences on Arctic
Ocean DMS and CO concentrations and fluxes. The pro-
duction and consumption pathways of DMS and CO
depend on light, microalgal and bacterial community
structure as well as on CDOM and POM. DMS and CO air-
sea gas exchange is regulated by the presence of sea-ice,
stratification, wind speed, temperature and salinity. All
these processes are directly or indirectly affected by the
ongoing environmental changes in the Arctic Ocean such
as the loss of sea ice. To this end, we assess here the
potential consequences of the ongoing environmental
changes for future DMS and CO biogeochemical pathways
and emissions in the Arctic Ocean, identify key knowledge
gaps and point to potential future research needs that
should be supported by international policy frameworks.
Potential impacts of ongoing environmental changes
on DMS and CO cycling in the Arctic Ocean
In the following section, we discuss the ongoing changes
that might play a role for DMS and CO production and
consumption processes to be addressed by future studies.
Direct impacts of ice melting
The melting of ice on land and at sea, in addition to per-
mafrost thawing will affect the Arctic Ocean’s ecosystems
and biogeochemical processes with potential consequences
for DMS and CO cycling.
Highly productive ice algae responsible for high DMS
concentrations are known to inhabit Arctic sea ice
(Levasseur 2013). Thus, the loss of sea ice could lead to a
decrease in DMS/P production, or a change in the ratio of
ice-associated and open ocean DMS producers promoting
the latter (Lannuzel et al. 2020). However, in the phase of
increased melting, ice edge effects may stimulate DMS/P
production as indicated by elevated DMS/P values in par-
tially ice-covered regions (Jarnı́ková et al. 2018). The
results show that DMS production is inextricably linked
with the prevailing phytoplankton and microbial commu-
nities in both ice-associated and pelagic habitats. Since the
ongoing changes strongly affect phytoplankton and
microbial communities, changes therein have to be fully
considered for a better understanding of future DMS
dynamics.
Enhanced ice melting could increase CO production in
Arctic surface waters. Increasing regions of ice-melt may
lead to higher CDOM and POM supply, which—when
coupled to greater light availability—may increase photo-
chemical CO production (Song et al. 2011). Also pro-
gressively thinner sea ice could lead to increased light
penetration and CO production within the ice bottom layer.
Since ice then will be permeable more frequently (Van-
coppenolle et al. 2013) it increases the amount of CO that
can be released to the atmosphere (Song et al. 2011).
Additionally, melting and refreezing of seawater, which
could happen more frequently in the future, may lead to
higher CO concentrations (Xie and Gosselin 2005), being
in line with elevated CO concentrations coinciding with
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higher CDOM absorbance and more intense stratification
due to ice melting (Tran et al. 2013).
Enhanced permafrost thawing and erosion could addi-
tionally increase CO photoproduction in the coastal regions
of the Arctic Ocean. Especially in the Eurasian basin, it
could increase the availability of CDOM and POM via
increased riverine input, and potentially alter their spectral
characteristics. For instance, in winter, older and more
refractory organic material would be exported (Stedmon
et al. 2011). Moreover, enhanced erosion of soils poten-
tially increases terrestrial CDOM and POM loads in coastal
waters, which could lead to higher CO photoproduction
compared to its photoproduction via marine CDOM (Song
and Xie 2017).
Increasing light availability
Ice melting increases the light availability in the Arctic
Ocean, possibly resulting in both an increase in biological
DMS production (Levasseur 2013) and in CO photopro-
duction (Song et al. 2011). Whether this will also increase
emissions, depends however on further production and
consumption terms and their reply to ongoing changes.
Increasing light availability in the Arctic Ocean pro-
motes higher primary productivity due to changes in sea-
sonality. An earlier onset of the bloom increasing the
phytoplankton and ice algae biomass could enhance the
overall biological production of DMS/P (Lannuzel et al.
2020). However, the fraction of DMSP eventually resulting
in DMS emissions depends on the abundance and taxon-
omy of microalgae, bacterial activity and further environ-
mental conditions (Levasseur 2013), which all underlie
large regional variations. Since UVA light is responsible
for 60–75% of the DMS photooxidation in the sunlit sur-
face (Taalba et al. 2013), increasing UV-A light could
increase the photooxidation of DMS to DMSO, thereby
decreasing DMS surface concentrations.
As more light becomes available and penetrates the
surface Arctic Ocean when the sea ice retreats, it possibly
increases both photochemical and biological CO produc-
tion over the year. For CO photoproduction, Song and Xie
2017 show that POM dominates over CDOM as a source in
the bottom of sea ice. POM content could increase even
more in the future as primary productivity increases (e.g.
Lannuzel et al. 2020), which could promote both photo-
chemical and biological CO production by phytoplankton.
However, that depends also on the community composition
and possible shifts therein.
Changing phytoplankton community
Increasing light and open-ocean conditions will probably
lead to increased phytoplankton growth and shift towards
cryo-pelagic and pelagic species. Shifts in the phyto-
plankton community will likely influence DMS and CO
concentrations in surface Arctic waters, potentially affect-
ing their emissions to the atmosphere.
Expected phytoplankton community shifts will likely
lead to an overall increase in DMS production. Its pre-
cursor molecule, DMSP, largely depends on the plankton
community composition, in particular on the abundance of
strong DMSP producers with DMSP-lyase activity
(Levasseur 2013). Strong DMSP producers are Dinoflag-
ellates and primnesiophytes such as Phaeocystis and E.
huxleyi, which may increase in abundance in future (Assmy
et al. 2017). Due to their high intracellular concentrations
of DMSP it was suggested that their biomass governs
DMSP production (Stefels 2000), also in the Arctic Ocean
(Park et al. 2018). Weaker DMSP producing species,
however, may contribute significantly to DMSP production
when being under stress, e.g. nutrient limitation or high UV
light (Levasseur 2013). Both potentially increase in future
(Vancoppenolle et al. 2013).
Expected changes in the phytoplankton community
distribution could point to an increase in microalgal CO
production. During ice algal blooms, large CO accumula-
tions were observed in the lowermost sea ice layer (Song
et al. 2011), which they may produce directly or indirectly,
via CDOM input. Laboratory experiments indicated that
cyanobacteria and diatoms are large CO emitters (Gros
et al. 2009). However, only one field study so far has
confirmed biological CO production and observed Phaeo-
cystis sp., dinoflagellates and to lesser extent diatoms to
produce CO in the Arctic Ocean (Tran et al. 2013). Given
that Phaeocystis sp., flagellates and several diatom species
abundances will probably increase in the future (Lannuzel
et al. 2020), this could enhance CO production in the Arctic
Ocean. Hence, although biological CO production in the
Arctic Ocean is of minor importance today, it might
become more pronounced in the future.
Changing bacterial community
The microbial community may be profoundly altered by
changes in seasonality of organic matter supply and algal
community structure, which could greatly affect DMS
cycling and both CO production and consumption in the
water column. Especially changes in the Roseobacter clade
may be important, given its role in the biogeochemical
cycle of both gases.
The composition of the prokaryotic community is as
important for DMS production as the phytoplankton com-
munity composition (Levasseur 2013). The abundant
marine a-proteobacteria Roseobacter catabolize DMSP in
high amounts by several mechanisms (Todd et al. 2012),
which field studies confirmed for an Arctic fjord
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(Kongsfjorden) (Zeng et al. 2016). Sipler et al. (2017)
found that some taxa within the Roseobacter clade would
thrive in a changing Arctic Ocean. Arctic field studies
indicate that bacteria use DMSP mostly as a carbon source,
with conversion efficiencies of DMSP into DMS of up to
30% (Motard-Côté et al. 2012). DMS seems to be used as
an auxiliary S source by the same clades that consume
DMSP (Levasseur 2013). Thus, bioavailability and char-
acteristics of DOM, which determine bacterial community
compositions (Jackowski et al. 2020), potentially also
govern DMSP to DMS conversion, and thereby, whether
DMS is released to the atmosphere.
Changes in the bacterial community could also alter CO
concentration in surface waters and ice, with microbial
uptake being the major CO sink (Xie et al. 2009). Diverse
communities of marine bacteria are oxidizing CO at
environmentally relevant rates (King and Weber 2007)
with the marine Roseobacter group being among those
with highest specific rates. However, large uncertainties
about dominant CO oxidizers remain (King and Weber
2007). CO oxidation capability is indicated by holding both
forms of the gene coxL (Cunliffe 2011). Roseobacter uses
CO mainly as a supplemental energy source, next to DOM
(Moran and Miller 2007). Thus, CO oxidation could help
heterotrophic bacteria to survive carbon limitation in
changeable environments (Cordero et al. 2019), such as the
Arctic. Yet, the physiological details remain unclear. This
emphasizes that future research should focus on the rela-
tionship between bacterial species composition, their CO
oxidation capability and rates, and the resulting CO con-
centrations as also suggested by Tran et al. (2013). Studies
of the microbial CO consumption rates propose that in
Arctic waters (Beaufort Sea) the CO microbial consump-
tion depends indeed on bacterial activity which, in turn,
mainly follows primary productivity (Xie et al. 2005). This
may suggest an increase in CO consumption, which would
mean a decrease in CO concentrations in the surface layer
and thus in CO emissions. Comparing CO consumption
rates in spring and autumn in the Beaufort Sea indicated
that bacterial community shifts largely dominate the CO
consumption, resulting in much lower rates, followed by
higher CO emissions, in spring than in autumn (Xie et al.
2009). This phenomenon might be intensified in future due
to an earlier onset of primary productivity and more ice
edges and melt ponds in the Arctic Ocean (Xie and Gos-
selin 2005).
Ocean acidification
Ocean acidification is taking place rapidly in polar oceans
with consequences especially for DMS and probably also
for CO, since their production is linked to phytoplankton
and bacterially mediated processes.
Studies of DMS production under ocean acidification in
the Arctic Ocean reveal contradictory results. Hopkins
et al. (2020) provide a comprehensive overview of studies
on DMS production under ocean acidification. It shows that
future DMS production rates in the Arctic Ocean with
lower pH do not show a general increasing or decreasing
trend and depend on season, location and experimental
approach. Two mesocosm studies showed a decrease of
DMS due to decreasing DMSP to DMS conversion by
bacteria (Archer et al. 2013; Hussherr et al. 2017). How-
ever, several microcosm studies indicated DMS production
and emissions to be resilient to ocean acidification in the
Arctic (Hopkins et al. 2020). This is in line with the ability
of polar bacteria to cope with strong pH fluctuations over
the range 7.5–8.3 (Hoppe et al. 2018) emphasizing the
close link between DMS concentrations and bacterial
activity and metabolism under ocean acidification.
It is uncertain whether ocean acidification affects CO
production. Gao and Zepp (1998) showed that photo-
chemical breakdown of CDOM increased with very low pH
(5.5). This could be a hint that ocean acidification may
enhance the photochemical formation of CO, particularly
in the Arctic Ocean because of increased riverine CDOM
inputs (see above). However, this idea needs to be inves-
tigated with pH levels characteristic for the Arctic Ocean.
Further, it may alter CO production indirectly via the
influence on bacterial and phytoplankton processes affect-
ing also the CDOM and POM pool (Hopkins et al. 2018).
Physical properties
The melting of sea ice could alter energy transfer between
the ocean and the atmosphere, and result in an increased
air-sea gas exchange. Although this is likely to happen with
high regional variations, it will strongly affect DMS and
CO fluxes between the ocean and atmosphere.
Rising temperatures of surface waters and sea ice
melting could increase concentrations and sea-air fluxes of
DMS (Bock et al. 2021). In the open Arctic Ocean, DMS
gradients seem to co-occur with strong surface temperature
and salinity gradients, suggesting that oceanographic fronts
could play a role for changes in DMS concentration (Jar-
nı́ková et al. 2018), and which could occur more often in
future with sea ice melting. The annual DMS flux from the
Arctic Ocean to the atmosphere was estimated to increase
by more than 80% by 2080, and could significantly change
summer aerosol concentrations and the radiative balance in
the Arctic region (Gabric et al. 2005). However, it is not
yet clear to what extent increasing DMS emissions will add
to the atmospheric DMS mole fractions (Levasseur 2013).
Models that incorporate sea ice DMS production into DMS
emission estimates, show that first year ice enhances DMS
production by 18% and DMS release to the atmosphere by
123
 The Author(s) 2021
www.kva.se/en
Ambio
20–26% (Hayashida et al. 2017). This indicates that under-
ice DMS production contributes significantly to DMS
emissions in the Arctic Ocean when the ice is melting
(Elliott et al. 2012) and therefore ice loss might reduce
DMS emissions. However, less snow accumulation could
promote DMS release to the atmosphere, potentially further
enhanced by increasing sea ice mobility, whereas increas-
ing rain would promote DMS deposition to the water col-
umn (Lannuzel et al. 2020).
Increasing stratification could increase future CO
emissions from the Arctic Ocean. Higher CO concentra-
tions coincided with intensified stratification (e.g. in the
Greenland Sea) compared to other regions (Tran et al.
2013). Moreover, CO surface concentrations within the
upper 10 m of the water column were significantly higher
when the mixed-layer depth was reduced in combination
with an increase of CDOM (Tran et al. 2013). These
observations may speak for increasing CO emissions in
future, since they can be explained by physical properties
such as temperature, salinity, water movement and wind,
which are all influenced by the retreat and higher mobility
of sea ice (Vancoppenolle et al. 2013; Lannuzel et al.
2020). However, most important for the overall CO emis-
sions probably is microbial CO consumption, because it
determines the time CO resides in the surface (Tran et al.
2013).
Table 1 summarizes the expected changes discussed
above, and their potential impact on DMS and CO Arctic
surface water concentration and their emissions from the
Arctic Ocean.
KNOWLEDGE GAPS AND POSSIBLE DIRECTIONS
OF FUTURE RESEARCH
To start unravelling the relationship between bacterial
activity and community structure and DMS and CO
dynamics, it is crucial to understand the bacterial species
distribution and its impact on DMS production and
microbial CO consumption. Molecular analysis of specific
gene abundances from seawater samples combined with
in situ trace gas measurements will help to answer open
questions: What do microbial CO consumption rates
depend on? Which bacterial strains are mainly responsible
for DMSP to DMS conversion and CO consumption, and
what does their activity depend on? Since the Roseobacter
clade is known to metabolise both DMSP and CO (Cunliffe
2011), changes concerning that clade might be worth
investigating further. However, there are other bacterial
groups, like non-Roseobacter alphaproteobacteria and
gammaproteobacteria (King and Weber 2007; Levasseur
2013) metabolising one or both gases, and which will have
implications, too. Hence, dominant bacterial strains
involved in DMS or CO cycling should be identified and
further investigated.
The processes involved in DMS cycling will likely
change under the ongoing changes of the Arctic environ-
ment. For an improved understanding of the impacts of
ocean acidification on DMS cycling it is crucial to further
unravel the physiological (inner cell) role of DMSP. Being
a pivotal step within DMS formation, the transformation of
DMSP to DMS (Archer et al. 2013) should be incorporated
into future experimental design. Those should consider the
role of communities of phytoplankton, grazers and bacte-
ria, the impact of their spatial and seasonal variability as
well as potential shifts due to sea ice loss (Hopkins et al.
2020).
There are only two studies dealing with CO dynamics
and sea ice (Song et al. 2011; Song and Xie 2017). Thus,
further detailed investigations of CO processes within and
in vicinity to sea ice as well as in melting areas are of
importance when trying to predict future developments.
Impacts of CDOM and POM spectral characteristics related
to their origin (e.g. terrestrial vs. marine) on CO photo-
production also should be addressed, since those likely
change with increased material inflow (Fig. 1). Since bio-
logical CO production in the Arctic Ocean may become
more pronounced, further Arctic field studies, e.g. meso-
cosm and ice-related studies, are needed to identify dom-
inant CO producers. Standardization and quality-control of
CO measurements is a necessary step forward, since to date
we have no internationally accepted quality standard for
CO in seawater as it is the case for CO2, nitrous oxide and
methane (Krahmann et al. 2021). The only available ref-
erence is the quality-control threshold for atmospheric CO
to which several groups try to abide by measuring refer-
ence gases calibrated against either NOAA (National
Oceanic and Atmospheric Administration) or WMO
(World Meteorological Organization) standard scales
(Krahmann et al. 2021). In light of the ongoing environ-
mental changes, it is pivotal to understand them in detail to
improve model parameterizations of fluxes and emission of
Table 1 Summary of the expected changes discussed in this article,
and their potential impact on DMS and CO Arctic surface water
concentration and their emissions from the Arctic Ocean
DMS CO
Ice melting ± ?
Increasing light availability ? ?
Changes in phytoplankton community ? ?
Changes in bacterial community ? ?
Ocean acidification ? ?
Air-sea gas exchange ? ±
? probable increase, ± might be balanced, ? uncertain
 The Author(s) 2021
www.kva.se/en 123
Ambio
DMS and CO for future projections. For high latitudes,
models underestimate the simulated CO concentrations
compared to in situ measurements, perhaps because they
lack the CDOM supply by sea ice and rivers, and their
biological consumption term seems not suitable (Conte
et al. 2019). Process based models (e.g. Kwon et al. 2020)
are useful tools to understand drivers of spatial and tem-
poral variability of CO dynamics and to project the inte-
grated effect of all the changes on CO production.
SOCIETAL AND POLICY IMPLICATIONS
A resilient and sustainable Arctic environment contributes
to global human prosperity. Sustaining its present and
future functioning should thus be a main priority of polit-
ical and societal planning activities. Anthropogenic global
warming initiated an overarching transition of the Arctic
region, which manifested in the rapid retreat of sea-ice and
the thawing of permafrost, which subsequently are affect-
ing numerous natural processes at regional and global
level. In this paper, we have discussed how ongoing
changes in the Arctic Ocean such as for instance warming
and acidification might alter the biogeochemical cycling of
the climate-relevant gases DMS and CO (see Table 1). The
production of both gases is likely to increase in the future
and yet the direction and magnitude of the emissions to the
atmosphere as well as the expected long-term feedbacks on
regional climate remain uncertain. Hence, despite of their
major role in climate, elucidating the socio-economic
influence of long-term changes in the production and
emissions of DMS and CO will need extensive multidis-
ciplinary efforts in basic research, as well as adequate
transfer of knowledge to stakeholders and policy makers.
To this end, we propose to:
1. Increase understanding
a. Support international, multidisciplinary studies as
well as sustained observations of DMS and CO in
the AO. Knowledge transfer between in situ
observations and global coupled models should
then help establishing more reliable emission
projections for DMS and CO, and their effects
on the Arctic Ocean.
b. Facilitate research co-design by integrating eco-
nomics, natural and social sciences, and stake-
holders to raise awareness across disciplines of the
importance and environmental feedbacks caused
by the alterations in DMS and CO emissions in the
context of ongoing climate change. This approach
could provide societal-relevant knowledge and
solutions to holistically manage the implications
of Arctic change (Alvarez et al. 2020).
2. Think economy long term
a. Stick to the Paris agreement and decrease global
greenhouse gas emissions because this would
reduce warming and ocean acidification as these
changes could directly and indirectly affect DMS
and CO cycling in the Arctic Ocean (see Table 1).
b. Burning of both fossil fuels and biomass (e.g.
forest fires) are the major sources of atmospheric
CO. To this end CO emissions from these sources
must be avoided, e.g. by (i) regulating offshore
industrial activities including Arctic ship traffic
and oil/gas drilling and (ii) minimizing forest fires
in the countries around the Arctic Ocean.
3. Increase general knowledge and acceptance of sus-
tainable political measures
a. Support outreach activities aiming to inform the
general public on the key role of atmospheric trace
gases for the Arctic Ocean and global climate and
the complexity and interconnectedness of natural
processes.
b. Promote a societal mind-set shift towards the
realization of us being a part of nature, meaning
that human wellbeing relies on suitable environ-
mental conditions, to increase the acceptance of
sustainable political and economic decisions (see
Ives et al. 2018).
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Kiel, Germany.
e-mail: hcampen@geomar.de
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Kiel, Germany.
e-mail: darevalo@geomar.de
Yuri Artioli is a Senior researcher at the Plymouth Marine Labora-
tory. His research interests include modelling impact of climate
change and ocean acidification on marine biogeochemistry and
ecosystems and their feedback on climate.
Address: Plymouth Marine Laboratory, Plymouth PL1 3DH, UK.
e-mail: yuti@pml.ac.uk
Ian J. Brown is a Marine Chemist at the Plymouth Marine Labora-
tory. His research interests are the ocean–atmosphere interaction of
greenhouse gases in estuaries, coastal waters and the open ocean.
Address: Plymouth Marine Laboratory, Plymouth PL1 3DH, UK.
e-mail: ib@pml.ac.uk
Vassilis Kitidis PhD, is a senior scientist at the Plymouth Marine
Laboratory. His research interests in Marine Biogeochemistry include
greenhouse gas cycling (CO2, CH4, N2O), carbonate chemistry, dis-
solved organic matter and nitrogen cycling from the ocean surface to
the seabed.
Address: Plymouth Marine Laboratory, Plymouth PL1 3DH, UK.
e-mail: vak@pml.ac.uk
Gennadi Lessin is a Senior Marine Systems Modeller at Plymouth
Marine Laboratory. His research interests include development and
application of modelling tools to study biogeochemical-ecological
dynamics of the ocean and its response to natural and anthropogenic
disturbance. His focus areas include benthic-pelagic interactions,
dynamics of greenhouse gases and marine nitrogen cycle, as well as
integrated analysis of ecosystem state and dynamics to inform




Address: Plymouth Marine Laboratory, Plymouth PL1 3DH, UK.
e-mail: gle@pml.ac.uk
Andrew P. Rees is a senior scientist at the Plymouth Marine Labo-
ratory. His research interests include the biogeochemical cycling of
carbon and nutrients and the ocean–atmosphere interaction of
greenhouse gases in estuaries, coastal waters and the open ocean.
Address: Plymouth Marine Laboratory, Plymouth PL1 3DH, UK.
e-mail: apre@pml.ac.uk
Hermann W. Bange is a Professor at the GEOMAR Helmholtz
Centre for Ocean Research Kiel, Germany. His research interests
include trace gas biogeochemistry and the nitrogen and sulphur cycles
in the open and coastal oceans.
Address: Department of Chemical Oceanography, GEOMAR Helm-




 The Author(s) 2021
www.kva.se/en
Ambio
